A quarter century after the Benner and Gonnet groups began their collaboration in evolutionary bioinformatics, evolution-based functional genomics is a field with considerable scope. Even with the remarkable advances in computing power over this period, the explosion of data derived from genomic and protein sources have required more and more sophisticated approaches be developed and utilized. We describe here new software combined with data organization techniques and illustrate how we are harnessing these to place physiological function of protein sequence data using natural history. 
1

Introduction
20
It has now exactly a quarter-century since the Benner and Gonnet groups began their 21 collaboration in evolutionary bioinformatics [Gonnet and Benner 1991 Dayhoff and her colleagues at the National Bureau of Standards [Dayhoff et al. 1972 ]. However, 27 even though the age of genomic sequence had not been begun, it was clear that it would soon get 28 underway, and that it would deliver a large number of whole genome sequences that could 29 service the platform for this new field. We wanted to be prepared for this revolution in biology.
30
Fortunately, the tools that the Gonnet group developed to organize the Oxford Unabridged
31
Dictionary were applicable to manage protein sequence databases. When applied to SwissProt Therapeutics. This product generated approximately $3.4 million in sales during its lifetime.
56
In a later version, secondary structure assignments determined by protein crystallography were 57 added to these evolutionary models for individual protein families to create the Magnum 58 database [Bradley and Benner 2006] . These supported a range of tools to extract functional 59 information from evolutionary comparisons between different species.
60
The Magnum database was announced just as whole genome sequences of vertebrates are 61 becoming available. This opened an entirely new direction for the assembly of an evolution-base, 
68
The advance of deep sequencing, of course, created a crisis in data management. These crises 69 were associated with a series of problems briefly outlined below. Today, the number of bacterial whole genomes in RefSeq (a service provided by the NCBI) is 77 in the thousands, with is combined with the dozens of vertebrate organisms that have been 78 sequenced. It would be easy to collect 20 million sequences from whole genome sources alone.
79
This is such a rapid growth in computational demands that even technological increases in 80 computer power have been unable to keep up. In particular, a naïve all-against-all comparison 81 scales with the square of the database size. While indexing and other algorithmic tools can be 82 used to cause the scaling factor to be smaller, even Moore's law would be unable to manage the 83 size of the database. Therefore, any practical computational approach to organizing this data by 84 clustering needs to balance the time and space demands.
85
Fortunately, this problem could be mitigated simply by exploiting the realities of natural 86 history. The entire protein sequence space has not been explored during that natural history, not 87 the least of which and certainly not by vertebrates. Accordingly, focusing on chordate, once 88 genomes representing each of the major branches in the chordate tree are available, it is no 89 longer necessary to do and "all-against-all" comparison of an entire database.
90
MasterCatalog was designed to manage computational challenge of the rapidly growing 91 volume of data as efficiently as possible. Minimizing the number of sequence pairs for which 92 redundancy must be computed is the first step; performed using a BLAST comparison tuned for 93 nearly identical sequences, with pairwise comparisons only for sequences of the same species. We report here our most recent efforts constructing evolutionarily organized databases 119 following the strategy. We also report an outline of the use of the database to characterize the 120 publicly available repertoire of whole genomic sequences. importance is the quality of the data contained in existing publicly available genome sequence by MUMmer) being reported with wildly different transcripts that share few common exons.
144
As a third fact that creates problems when high quality alignments are required, alternative 145 transcripts are typically not consistently reported from one whole genome project to another.
146
Sometimes this may be because of differences in reporting criteria by the authors, but the quality 147 of EST data upon which gene predictions are based must also be a factor. Although we must 148 consider that EST data to be more reliable then raw DNA sequence data (it is, after all, 149 experimental evidence for the expression of particular transcripts), it is rare to find transcripts in 150 one organism that are supported by EST data to be disallowed due to mutation of alternative 
Species
Common Name
178
Bos taurus Cow
179
Canis lupus familiaris Dog
180
Ciona savignyi Ciona
181
Danio rerio Zebrafish
182
Equus caballus Horse
183
Gallus gallus Chicken
184
Homo sapiens Human
185
Macaca mulatta Rhesus monkey 
186
Monodelphis domestica Opossum
187
Mus musculus Mouse
188
Ornithorhynchus anatinus Platypus
189
Pan troglodytes Chimpanzee
190
Pongo abelii Orangutan
191
Rattus norvegicus Rat
192
Taeniopygia guttata Finch
269
The core databases, containing DNA and protein sequences, for each of these 66 species were 270 downloaded from Ensembl and loaded into the MasterCatalog database using built-in import 271 functionality. The Compara database was then downloaded and mirrored as a local database.
272
Using custom scripts, two catalogs were created using the Ensembl data. The first used the and trees. The second used the clustering, MSAs, and reconciled trees produced by Ensembl.
275
These two catalogs allow families to be viewed both with and without trees reconciled with the 276 expected species tree, allowing a better overall view of the data and the error contained within.
277
For both catalogs, MasterCatalog is able to calculate K a /K s values for each ancestral node in this paper.
299
The interface is written in Java, which allows it to be compatible with all major operating 300 systems. Although a full description of this interface would be outside the scope of this writing,
301
we briefly describe some of the features here. Ensembl's, OMIM, and GO (Figure 4) . Families can also be found via sequences comparison,
306
with either protein or DNA/RNA sequence for the query. Once a family is found, it is displayed 307 to the user in tabular format with a graphical representation of the protein sequence (Figure 5) .
308
From here, the user may choose to view these sequences as a multiple sequence alignment 309 (Figure 6 ) or the phylogenetic tree can be explored. The tree viewer has many features to help 310 the user explore the data. The entire tree can be fit to the window to gain a sense of the structure 311 of large families (Figure 7) , while the scale can be quickly customized in both the X and Y 312 direction to focus on a specific region of the tree (Figure 8 ). The user may also change tree structures (left rooted, top rooted, and unrooted), change the 
382
The red and blue lines indicate the episodes for the emergence of the prostate and breast
383
(respectively).
385
A second tissue new in mammals emerged in the episode immediately following (the red line):
386 the prostate. This is indicated by the lack of a prostate in the platypus, but its presence in 387 marsupials. The prostate is also a tissue that appears to generate cancer without obvious "insult"
388
(although environmental factors can increase the incidence of prostate cancer, as they can breast 389 cancer). Again, the red episode is sufficiently recent to avoid many ambiguities that make 390 difficult bioinformatics analysis of more ancient events. Further, it is convenient to have two 391 tissues from opposite genders equally susceptible to cancer and equally accessible to 392 evolutionary analysis, as they can serve as controls (of a sort) for each other.
393
It is axiomatic in evolutionary developmental biology that the emergences of the breast and 394 prostate in the blue and red episodes were associated with genetic changes. Further, Bayesian
395
analyses are well known to be able to infer genetic events in the historical past through the 396 analysis of modern gene sequences [Yang 1997 ]. Thus, we (and others) have long inferred the likelihood DNA and protein sequences at nodes in an evolutionary tree can be inferred using
402
Bayesian analysis, probabilistic changes can be assigned to individual branches in a tree like that 403 shown in Figure 9 . Therefore, when applied to entire genomes, protein family by protein family, course, also suggests adaptation.
457
Had we stopped here, this case might have been just one many disputed examples in a 458 literature containing many of these. However, the next step in the multi-metric approach noted 459 that the amino acids replaced during the episode with a high K a /K s ratio were not randomly 460 distributed across the structure of the protein (Figure 10d) . Rather, they were clustered near the 461 substrate binding site and the co-reduction binding site (Figure 10d ). This suggests that during 
469
This drove an analysis of the molecular physiology, which confirmed this inference Corbin et al. 
